Abstract-This paper presents a pair of high-temperature voltage and current references that have been designed in a silicon carbide CMOS process. The circuits presented have been fabricated in two fabrication runs and tested to 300°C under probe and 540°C in a packaged form. Test results over a single wafer at multiple sites are given to provide variation over process data. The circuits include a voltage reference with an accuracy of better than 100 ppm/°C and a constant current reference with a variation of ±1 µA at a nominal output of 11 µA from 25°C to 540°C. Index Terms-Current reference, high-temperature electronics, silicon carbide (SiC), silicon carbide CMOS, voltage reference.
I. INTRODUCTION
O VER the past decade, silicon carbide (SiC) has emerged as a choice for IC material. As miniaturization in ICs has made systems and modules more compact in consumer electronics, academic research has focused on ICs for high temperature, extreme environment, high voltage, and highpower electronics and systems. These ventures have led to the development of ICs and systems in gallium nitride (GaN), indium arsenide (InAs), gallium arsenide (GaAs), and SiC. The GaN and SiC circuits offer a variety of advantages over the traditional silicon ICs [1] - [3] -GaN devices switch at higher frequencies [4] , [5] , and SiC devices can withstand higher temperature and voltages [6] , [7] . The trademark of this new line of semiconductor materials is their wide bandgap that allows them to achieve higher performance metrics than silicon in specific applications.
Of these wide bandgap materials, SiC had considerable success in high-temperature and high-voltage applications. SiC power devices, such as power FETs and isolated gate bipolar transistors, have been popular in the high-voltage power electronics industry for more than a decade [8] - [11] . Supporting ICs for these power devices (e.g., gate drivers, regulators, and signal conditioning) have primarily fueled the research on a SiC IC design. As SiC ICs have developed, their application in high-temperature systems has not only become a possibility but also the likely industry choice for the near future. SiC digital and analog circuits are being designed and used for hybrid vehicle battery chargers, aviation applications, deep earth drilling machinery, and other extreme environment applications [12] .
II. SILICON CARBIDE INTEGRATED CIRCUITS
Until now, most SiC ICs have been basic digital circuits, such as latches and combinational logic [13] - [15] and two-stage operational amplifiers [16] - [18] . In recent years, there have been the reports of SiC gate drivers and accompanying protection and regulating circuits [19] - [22] . With the introduction of the 15 V 1.2-μm CMOS HiTSiC process, Raytheon UK has now been able to establish a process that can be used for analog and mixed-signal design [23] , [24] . The University of Arkansas (UA) MSCAD Laboratory and Ozark ICs have designed and tested a multitude of analog, digital, and mixed-signal circuits in this process for 300°C applications. These circuits were designed with a high fidelity process design kit developed by the MSCAD laboratory and Ozark IC. The MSCAD laboratory also developed BSIM3 FET models that were used during the first run, Vulcan I. BSIM4 models were developed from data taken on Vulcan I and subsequently used in simulation for the second run (Vulcan II) [25] . The BSIM4 models are not as physical as the models described in [26] , but they have been fit quite closely to match the device behavior.
The main limitation in SiC IC development has been the lack of stability and accuracy of the fabrication process. As foundries develop new techniques and offer stable and more advanced processes, mixed-signal and complex digital designs have started to become a reality in SiC. The previous circuits in SiC include the early circuits in 6H-SiC, which are digital logic circuitry and simple operational amplifiers. The last decade has seen circuits pertaining to gate drivers [19] and power protection circuits around them. These include a gate driver [27] , under voltage lockout [21] , and a linear regulator [28] in a 2-μm Cree all-nMOS SiC process.
The circuits designed and tested in the Raytheon HiTSiC process by the UA and Ozark IC include synchronous and asynchronous logic circuits at high temperature, standard component parts for a wide temperature range [29] , a phase-locked loop [30] , a pair of operational transconductance amplifiers, and voltage and current references [31] . This paper expands on the preliminary results of the voltage 0018-9383 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. and current references presented in [31] and presents the characterization results of the circuits across a single wafer at different temperatures and supply voltages. Since all of the wafers have similar process variation, the testing was limited to only one wafer. The reference circuits are based on the bandgap reference principle, but instead of using bipolar junction transistors (BJTs), diodes are used to generate the bandgap voltage. With the results available across a wafer, this paper will point to the stability of the process and serve as a guide for future designs in SiC.
The literature reports of a voltage reference designed with 4H-SiC MESFETs, where the researchers have been able to demonstrate a circuit based on three different modules that include off-chip resistors and Schottky diodes [32] . This paper reported here represents the first instances of fully integrated SiC CMOS voltage and current references working well beyond 300°C. Although the SiC references presented here do not have comparable performance with silicon bandgap references [33] and silicon on insulator bandgap references up to 200°C [34] , they have been consistently tested at 300°C under probe and been found to operate up to 540°C in a packaged form. With the possibility of stable on-chip references, a host of mixed-signal circuits-from data converters to instrumentation amplifiers, analog, and digital controllers are now a distinct possibility in high-temperature applications, such as aviation, deep earth drilling, diesel engines, and aerospace.
III. REFERENCES IN SiC CMOS
The voltage and current references described include the following:
1) a bandgap voltage reference circuit; 2) a proportional-to-absolute temperature (PTAT) current reference; 3) a constant current reference generator.
A. Circuit Schematics
The voltage reference and the PTAT current reference can be combined into one circuit to provide a voltage output and a current source output, as shown in Fig. 1 . The circuit designed here is a standard reference circuit with the notable exception of the replacement of the BJTs with diodes. In addition to nFET and pFET devices, the HiTSiC process provides two different types of diode-a p + implant to n-well diode and a p-well to n + implant diode, the former of which can be used in a forward bias condition. The reference circuit has a startup circuit, a bandgap stage, and an output stage for both the voltage and the current. Based on the circuit analysis and equations derived in [35] , the output current and voltage can be given as
where n is the diode coefficient, k is Boltzmann's constant, K is the ratio of the diodes, T is the absolute temperature, q is the charge of an electron, R is the resistance in the bandgap stage, D3 is the diode of the voltage output stage, L is the ratio of the resistor from the output stage to the bandgap stage, and V T is the thermal voltage given by kT/q. The sizes of the FET devices are provided in Table I . The diodes used in this reference circuit were of a unit finger of 300/5 μm. R1 was set to a resistance value of 27 k , and L was set to a value of 2.2. The temperature coefficients of resistor R1 are −0.004403/°C and 1.58 × 10 −5 /°C 2 .
The constant current generator circuit, as shown in Fig. 2 , is similar to a complementary-to-absolute temperature current reference circuit. However, the phenomenon previously mentioned allows it to work as a current stabilizer over supply and temperature.
The constant current generator circuit has an input stage with the same type of diode, D3 to ground. The voltage generated across the diode is compared with the voltage generated across a temperature compensated resistor string, R2 and R3. The differential amplifier comprised of MP7, MP8, MN5, and MN6 controls the currents of MP9, MP10, and MP11 (the current source output). MN7 and MN8 are used to produce a current sink output. The W /L ratios and the fingers of the FET devices used in the constant current generator circuit are given in Table I .
The two types of resistors used in the temperature compensated resistor string are the n + implant resistor, R2, and the high sheet resistance second polyresistor, R3. The two combined provide a total resistance of 50 k . The temperature coefficients of the second polyresistor are −0.004403/°C and 1.58 × 10 −5 /°C 2 . The n + implant resistor has the temperature coefficients of 0.000996/°C and 1.9 × 10 −9 /°C 2 .
B. Simulation Results
The circuits were designed with the BSIM3 models in the Vulcan I run and with BSIM4 models (based on device characterization data from Vulcan I) in the Vulcan II run. The simulation results shown in Figs. 3 and 4 show the The simulation results show that the reference voltage over the full temperature range is more uniform at supply voltages between 21 and 24 V, whereas the reference current only seems to have significant output once the supply voltage crosses the threshold value of 18 V. This particular phenomenon can be explained by the higher than the expected threshold voltages of the pFETs in the circuits. The use of the cascode current mirror for the bandgap necessitates a larger supply voltage for adequate headroom. This issue was addressed in the Vulcan II design by using simple pFET current mirrors instead of the Cascade mirror. The simulated output voltages and the current over temperature with a 22.5 V supply are listed in Table II. 
IV. TEST RESULTS FROM VULCAN I

A. Fabrication and Packaging
The circuits were part of a 21 mm × 12.5 mm reticle that was fabricated on a 4-in (∼10 cm) diameter SiC wafer. The die sizes of voltage reference and current reference are 1.4 mm × 1.4 mm and 1.4 mm × 1 mm, respectively, as shown in Fig. 5 . The pads are 100 μm × 100 μm in size, which are easily probed or packaged using wire bonds. Temperature testing was accomplished first on a semiprobe probe station, capable of operation up to 300°C. Multiple sites on a single wafer were tested under probe. These sites are numbered from 1 to 6 on the wafer map shown in Fig. 6 .
For higher temperature measurements, chips were packaged in a Ceramic CERQUAD package and leads were brought out to a Rogers-45 high-temperature board. This was then placed on a ceramic hot plate that can be taken to temperatures as high as 550°C. The measuring thermocouple was placed at the junction of the heat conducting pole and the package to accurately measure the chip operating temperature. The set of test results presented in this section is from Vulcan I and the measurements were taken using a semiprobe probe station. Test results from Vulcan II are presented in Section IV-B. These results include both probe station results and results from packaged parts tested on the hot plate.
B. Bandgap Voltage Reference Results
The bandgap voltage reference circuits have a nominal voltage between 2.6 and 3 V depending on the location of the circuit. The circuits do not have good power supply rejection and tend to operate best at small supply voltage ranges. The nominal supply voltage range changes from location to location as well. Nominal supply voltage for Vulcan I was determined by the behavior of the output voltage over the supply range at different temperatures. For any reference circuit, when the supply is too low, the output voltage is held at a low value. As supply increases, the output voltage starts to increase and becomes stable after the supply reaches a threshold. The output voltage then remains constant over a range of supply voltages at a specific temperature. The middle point of the common portion of the different ranges was selected as the nominal voltage. Given the process variation and the lack of a statistical model, it was hard to predefine a specific voltage value as the preferred nominal output.
The outputs of the different bandgap references at nominal supply voltage over a temperature range of 25°C-300°C are shown in Fig. 7 . The accuracy (given in ppm/°C) and the power supply rejection ratio at 60°C and 300°C are given in Table III . Although these values do not match the performance of silicon bandgap references, they operate at much higher temperatures and are the first reported integrated references at such temperatures. Indeed, the circuit test was only limited to 300°C due to the limitation of the probe station, not the circuits themselves. The supply voltage rejection of the circuits is another key measurement criterion. SiC FETs tend to have better gain at higher temperatures. Whereas part of this is due to the reduction of the threshold voltage at high temperature like silicon, another reason is the increase of the effective mobility due to the release of carriers from interface traps. This performance increase can explain why circuits work better at lower supply voltages at higher temperature.
By all the metrics measured, the reference circuit of site 1 has the best performance on the wafer with an accuracy of better than 100 ppm/°C and better than −12 dB of sensitivity at higher temperatures. It was expected that with a modification in the current mirrors as well as the ongoing development of the process, a reference working at 15 V supply would be possible in Vulcan II.
C. Current Reference Results
The first of the current references-the PTAT reference was tested at the different sites like the bandgap voltage reference. Fig. 8 shows the output waveforms and best fit ideal linear curve for all six sites over the full temperature range. To measure the linearity, a deviation from the ideal curve was measured for the output current of each site. The maximum deviation for any of the sites was 1.1 μA, which translates to a deviation of 33%. The response gets considerably better at higher temperatures (>250°C), where deviations are under ±0.5 μA and ±5%. Like the bandgap voltage reference, the circuit performs much better at higher temperatures.
The last circuit from Vulcan I is the constant current generator circuit. The constant reference current is achieved by using the output of the PTAT reference generator as the input to the constant current generator circuit. Constant current data from a different site than the six sites tested for the PTAT circuit are presented here. Fig. 9 shows the output over the temperature range at different supply voltages. Table IV lists the accuracy and power supply rejection ratio of the constant current generator. The Vulcan I circuits were tested at probe and, hence, could only be tested up to 300°C.
V. TEST RESULTS FROM VULCAN II
Both the bandgap reference and the constant current generators from Vulcan II were tested at probe and in the packaged form. The process in Vulcan II is more stable but variation over wafer still remained. The main goal of the Vulcan II tests was to determine: 1) can the circuits work at lower temperatures with the modification and 2) up to what temperature can the circuits work in a package. The layout of the reference circuits from Vulcan II is shown in Fig. 10 . The measured results for the voltage and current references are shown in Figs. 11 and 12 .
The packaged part has a better accuracy over a wider range-for both the constant voltage output (81 ppm/°C versus 184 ppm/°C at a supply voltage of 15 V) and the constant A brief summary of the performances of the voltage and current references over supply and temperature variation is given in Table V. The part tested at probe shows less accuracy than the part at package. This can be traced to two reasons: 1) the length of the probe cables and 2) more significantly, the contact resistance at the junction of the probe tip and probe pad. The repeated probing at high-temperatures erodes the metal on the probe pads and significantly changes the contact resistance.
While these circuits are not a replacement for Si CMOS integrated references, they provide a viable option as bias currents and voltages for integrated comparators, amplifiers, and data converters for high-temperature systems on chips for data acquisition and power management. Furthermore, the use of BJTs [36] , which are as of yet unavailable in this process, and error amplifiers in the circuit themselves should lead to more accurate references in SiC CMOS.
VI. CONCLUSION
The circuits presented in this paper demonstrate the operation of stable voltage and current references for high-temperature ICs. While not as accurate as standard silicon bandgap references, these circuits, nonetheless, show consistent performance up to 540°C. They also open up the possibility of future CMOS ICs and systems ranging from data converters, controllers, and communication systems for high-temperature applications. Fully integrated gate drivers and power supplies, as well as high-temperature data acquisition systems are now a real possibility because of these supporting circuits.
